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Summary
Guidance receptors detect extracellular cues and in-
struct migrating cells how to orient in space. Border
cells perform a directional invasive migration during
Drosophila oogenesis and use two receptor tyrosine
kinases (RTKs), EGFR and PVR (PDGF/VEGF Recep-
tor), to read guidance cues. We find that spatial local-
ization of RTK signaling within these migrating cells
is actively controlled. Border cells lacking Cbl, an
RTK-associated E3 ubiquitin ligase, have delocalized
guidance signaling, resulting in severe migration de-
fects. Absence of Sprint, a receptor-recruited, Ras-
activated Rab5 guanine exchange factor, gives re-
lated defects. In contrast, increasing the level of RTK
signaling by receptor overexpression or removing
Hrs and thereby decreasing RTK degradation does
not perturb migration. Cbl and Sprint both regulate
early steps of RTK endocytosis. Thus, a physiological
role of RTK endocytosis is to ensure localized intra-
cellular response to guidance cues by stimulating
spatial restriction of signaling.
Introduction
Directed movement of cells or cellular extensions such
as axons through a tissue requires accurate perception
of guidance cues in the environment. The receptors
perceiving these cues then signal to the cytoskeleton,
for example, to induce actin polymerization or in other
ways affect cellular behavior. Importantly, they must do
so in a spatially controlled and polarized manner to pro-
duce directed movement. Regulation of guidance and
migration has been studied extensively in tissue culture
models. We would like to understand the regulatory
mechanisms controlling this in vivo, in the complex
context of animal tissue. Guidance receptors must
have two essential properties. First, they must be able
to signal to affect cell behavior. Second, they must at
least retain the spatial distribution of activated recep-
tors induced by extracellular cues, and possibly amplify
an initial small activation differential.
Guidance cues can be quite different in chemical na-
ture, and the nature of guidance receptors also varies.
G protein-coupled receptors are known to mediate
guidance of germline cells in different animals (Doitsi-*Correspondence: rorth@embl.de
1Present address: Parc Científic de Barcelona - IRBB, Barcelona
69117, Spain.dou et al., 2002; Knaut et al., 2003; Kunwar et al., 2003)
as well as Dictyostelium and leukocyte chemotaxis (Ii-
jima et al., 2002). Receptor tyrosine kinases (RTK) can
also serve as guidance receptors for cell migration as
well as for axonal pathfinding (Burdine et al., 1998;
Duchek et al., 2001; Holder and Klein, 1999; Ribeiro et
al., 2003; Yang et al., 2002). Recently, it has been ob-
served that local stimulation of EGFR in mammalian
cells leads to receptor activation that can spread later-
ally in the cell membrane (Verveer et al., 2000). The
mechanism of spreading indicates that it could be a
general feature of RTKs (Reynolds et al., 2003). Such
spreading would lead to complete loss of spatial infor-
mation and therefore present a problem for cells that
use RTKs as guidance receptors. In studies of other
tissue culture cells, lateral signal spreading was de-
tected only at high receptor density (Sawano et al.,
2002), or EGFR signaling remained local, and only the
downstream cytoplasmic MAP kinase activation was
delocalized (Kempiak et al., 2003). These studies raise
the question of how the spatial aspect of RTK signaling
is controlled under physiological conditions, during
RTK-directed migration in vivo.
The border cells in Drosophila provide a genetically
tractable in vivo model in which to study the mecha-
nism of RTK signal localization. Border cells are a clus-
ter of about eight cells that perform a stereotypic mi-
gration during Drosophila oogenesis (Montell, 2001;
Rørth, 2002). The cells delaminate from the anterior fol-
licular epithelium, invade the underlying germline tis-
sue, and migrate directionally to the oocyte. Two RTKs,
PVR and EGFR, are used to guide migration of border
cells to the oocyte (Duchek and Rørth, 2001; Duchek et
al., 2001). The RTKs are both expressed in border cells,
and the guidance cues (the ligands PVF1 and Gurken)
are expressed by the oocyte. PVR signals to the cy-
toskeleton using a pathway involving Rac and its acti-
vator Mbc, related to mammalian DOCK180 and C. ele-
gans CED-5 (Duchek et al., 2001). Here we provide
evidence that the subcellular localization of RTK signal-
ing is actively maintained. In the absence of proteins
involved in early steps of RTK endocytosis, localization
fails and migration is perturbed. Thus, early events of
receptor endocytosis are necessary for localized RTK
signaling, preserving spatial information inherent in li-
gand gradients and thereby allowing RTKs to be used
for guidance.
Results
Cbl Is Required to Regulate EGFR and PVR
Signaling in Guidance of Border Cells
We reasoned that regulation of RTK turnover might be
important to maintain a directional response in border
cells, and we analyzed the effects of mutations likely
to affect this process. Cbl is a ubiquitin ligase with a
conserved role in regulating RTK signaling (Levkowitz
et al., 1998; Pai et al., 2000; Thien and Langdon, 2001).
Clones of border cells mutant for Cbl were correctly
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ucific for differentiated border cells (Figure 1C), but had
severe migration defects (Figures 1B and 1D). To ex- o
plore the relationship between Cbl and RTK signaling,
we manipulated RTK signaling in Cbl mutant border R
dcells. The migration defect in Cblmutant cells was sup-
pressed by reducing the level of an EGFR ligand (grk/+) 1
pand was enhanced by overexpression of either receptor
in border cells (UAS-PVR or UAS-EGFR, Figure 1E). v
rNote that overexpression of PVR or EGFR had no effect
alone (Figure 1F). This indicates that the Cbl phenotype l
cwas not due to lack of guidance signaling but instead
due to excessive, misregulated RTK signaling. a
mConsistent with the interpretation that Cbl is required
to restrict signaling, the complete failure of many Cbl c
amutant border cell clusters to migrate resembled the
effect of increased guidance receptor signaling due to w
2expression of constitutively active receptors or a strong
ligand (Duchek and Rørth, 2001). In contrast, border p
Wcells lacking PVR and EGFR all eventually initiate mi-
gration but never make it to the oocyte (Figure 1G). C
aSimilar phenotypic effects of manipulating guidance
cues were observed by live imaging of germ cell migra- m
Etion in the zebrafish embryo, a migration guided by a G
protein-coupled receptor (Reichman-Fried et al., 2004): s
zmigratory cells lacking guidance cues migrated, but
randomly, whereas the same cells subject to high uni- C
uform guidance cues did not migrate. Thus, border cellsFigure 1. Cbl Is Required to Regulate RTKs
during Border Cell Migration
(A and B) Stage 10 egg chambers with wild-
type (A) or Cbl mutant (B) border cells (ar-
rowheads); scale bars equal 30 m. Anterior
is left; in (A), border cells have reached the
large oocyte.
(C) Stage 9 egg chamber (onset of migration)
with Cbl mutant (arrowhead) and control
border cells, stained with anti-Slbo, a border
cell marker; single and merged image; scale
bar equals 10 m. Number of cells express-
ing Slbo and Slbo expression levels were un-
altered in Cblmutant clusters (n = 56). In (A)–
(C), mutant cells are marked by absence of
GFP (green).
(D–G and I) Quantification of border cell mi-
gration in egg chambers at stage 10, when
migration has been completed in wild-type.
Brief genotype of border cell clusters scored
is given below.
(D) cbl mutant border cell clones and control
clusters from same experiment.
(E) cbl mutant border cell clones with altered
RTK signaling. grk/+: one copy of grk mu-
tant. For UAS-EGFR and UAS-PVR, these
genes were overexpressed in border cells by
slbo-Gal4. For (D) and (E): 33 < n < 82.
(F) Overexpression of RTKs in wild-type
background; n > 176.
(G) Border cells mutant for both RTKs (n =
21).
(H) Schematic of Cbl isoforms: 878 (Cbl-L)
and 448 (Cbl-S) amino acids, and Clb-S-Ring
mutant (Cys-369 to Ala).
(I) Migration in cbl mutant border cell clones
expressing indicated rescue transgene; 35 <
n < 65.acking Cbl responded as if they were receiving high
niform signaling, a situation that mimics the endpoint
f migration.
Mammalian Cbl proteins negatively regulate multiple
TKs by stimulating their ubiquitination and lysosomal
egradation (Levkowitz et al., 1998; Joazeiro et al.,
999; Thien and Langdon, 2001). The N-terminal phos-
ho-tyrosine binding domain of Cbl directly binds to acti-
ated receptors, and ubiquitin-conjugating enzymes are
ecruited via the E3 type RING finger. As discussed be-
ow, the N-terminal part of Drosophila Cbl also physi-
ally interacts with autophosphorylated PVR. In some
ssays, these conserved domains are sufficient for
ammalian Cbl to regulate EGFR (Lill et al., 2000). Cbl
an also interact with proteins regulating endocytosis
s well as other signaling molecules through its less
ell conserved C-terminal region (Soubeyran et al.,
002; Thien and Langdon, 2001). Drosophila Cbl is ex-
ressed as two isoforms (Figure 1H; Hime et al., 2001).
e found that ubiquitous expression of either Cbl-L or
bl-S, which lacks the C-terminal tail, rescued lethality
ssociated with the Cbl null mutation as well as the
igration phenotype (Figure 1I). To determine whether
3 ligase activity of Cbl was required, we mutated a
ingle cysteine residue essential for this activity (Joa-
eiro et al., 1999) to alanine (Cys-369, corresponds to
ys-381 in human Cbl). The Cbl ring finger mutant was
nable to rescue viability of the Cblmutant or migration
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199of Cbl mutant border cell clones (Figure 1I), showing
that this function is essential for Cbl activity during mi-
gration.
Increase in EGFR and PVR Signaling Levels Do Not
Affect Border Cell Migration
Given the biochemical function of Cbl, its role in border
cells could reflect a requirement for ubiquitin-mediated
degradation of RTKs. To address whether this was the
case, we analyzed Hrs mutant cells. Hrs is an endo-
some-associated, ubiquitin binding protein required for
multivesicular body formation and degradation of RTKs
and other signaling receptors (Raiborg et al., 2002; Ko-
mada and Soriano, 1999; Lloyd et al., 2002; Jékely and
Rørth, 2003). Hrs mutant cells have increased RTK sig-
naling and accumulate nondegraded RTKs in enlarged
early endosomes. To compare the effects of Cbl and
Hrs on RTKs, we first looked at the follicular epithelium,
as this allows a direct comparison between mutant
cells and adjacent normal cells. In Hrs mutant cells,
PVR (Figure 2A) and EGFR (Figure 2B) accumulated at
high levels, shown previously to be in enlarged endo-
somes (Jékely and Rørth, 2003). The accumulated
RTKs were signaling active, as judged by the appear-
ance of activated MAP kinase close by (Figure 2A), as
well as elevated anti-phospho-tyrosine staining where
the RTKs accumulate (Figure 2B). RTK accumulation in
similar structures was also observed in Hrsmutant bor-
der cells (Figure 2C). Despite this increase in RTK sig-
naling, most Hrs mutant border cells showed no migra-
tion defects, while some had a slight defect (Figures
2D and 2E). Cbl mutant cells also show increased RTKFigure 2. Loss of Hrs Increases RTK Signaling Levels without Disrupting Migration
(A–E) Hrs mutant clones. Mutant clones marked by the absence of GFP (green) and outlined in (A)–(C). In (A)–(C), merged image is to the
right. Hrs mutant cells accumulate active PVR (A) and EGFR (B, C) with ubiquitinated proteins (C) in endosomes (Jékely and Rørth, 2003).
Local high level of dpERK (active MAPK) (A) and phospho-tyrosine (B) are also detected, indicating that MAPK signaling is active at the RTK-
rich endosomes. F-actin accumulation is not induced (not shown). Images in (A) and (B) show stage 10 egg chamber, optically sectioned in
the plane of the follicular epithelium over the oocyte, (C) shows early stage 9 border cells (onset of migration).
(D and E) Hrs mutant border cells migrated to the oocyte at stage 10 (D); quantified in (E), n = 42, 56.
(F–H) Cblmutant cells are marked by the absence of GFP (green), and samples were stained with anti-EGFR (F), anti-PVR (G), or anti-phospho-
tyrosine (H) antibodies, shown in red. Images are from stage 10 follicular epithelium, optically sectioned in the plane of the epithelium. No
difference in staining was detected at dorsal (EGFR signaling high) versus ventral side. Scale bars equal 10 m (for all images except [D]).signaling (Pai et al., 2000), but it was a very modest
increase. We saw no detectable change in levels of
EGFR (Figure 2F), PVR (Figure 2G), or phospho-tyrosine
(Figure 2H) in Cbl mutant cells. Yet Cbl had a much
stronger effect on migration than Hrs.
These observations suggested that the total level of
RTK activity might not be so critical for border cell mi-
gration. Guidance signaling and the related signaling
for F-actin accumulation are, however, likely to occur
at the plasma membrane, not at the early endosome. It
was therefore possible that the difference between Cbl
and Hrs clones reflected a difference in cortical signal-
ing levels.
To determine whether the requirement for Cbl re-
flected a specific need to keep RTK signaling low at
the plasma membrane, we wanted to increase signaling
there. Overexpression of EGFR or PVR in follicle cells
caused ectopic activation of MAP kinase (Figures 3A
and 3B), indicating induction of RTK signaling. That sig-
naling was induced at the cell cortex was shown by the
local increase in anti-phospho-tyrosine staining (Fig-
ures 3C and 3D). Both RTKs also induced cortical F-actin
accumulation (Figures 3E and 3F), PVR basally and EGFR
apically, reflecting the location of the overexpressed re-
ceptor. In border cells, overexpression of EFGR or PVR
also led to increased activity as detected by MAP ki-
nase activation at the onset of migration (Figure 3H), a
stage when activation was not detectable in wild-type
(Figure 3G). This did not, however, perturb border cell
migration (Figure 1F). By comparison, the increased
signaling in Cbl mutant clones was too weak to give
detectable increase in MAP kinase activation in border
Developmental Cell
200Figure 3. RTK Overexpression Increases RTK Signaling Level
Overexpression of EGFR (A, C, E) and overexpression of PVR (B,
D, F, H), revealed by antibody staining (red and arrowheads). The F
right part of each panel shows the same confocal section stained
(
with the indicated antibody (green). UAS-PVR or UAS-EGFR in
a
combination with slboGal4 gives overexpression in border cells,
m
centripetal cells, and additional sporadic follicle cells. Activity of
p
the RTKs is shown by activated MAP kinase (dpERK in [A], [B],
i
and [H]) as well as increased phospho-tyrosine (C, D) and F-actin
w
(phalloidin staining in [E] and [F]) at the cell cortex. Follicle cells
u
were analyzed to allow side-by-side comparison of overexpressing
b
and normal cells: images in (A)–(F) and (J) show stage 10 egg
(
chamber, optically sectioned in the plane of the follicular epithelium
g
over the oocyte. PVR is enriched basally, and EGFR is enriched
v
apically in follicle cells. Optical sections reflect this and F-actin ac-
(
cumulates differently.
d
(G)–(I) show early stage 9 border cells, stained to reveal MAP acti-
s
vation (dpERK). Upon PVR overexpression, 26 of 43 border cell
m
clusters are positive, whereas in wild-type (G) or Cbl (I) mutant bor-
(
der cells, none are (n = 42, 35).
c
(J) shows Cbl mutant follicle cells marked by the absence of GFP
e
(green) and stained with phalloidin (red). Scale bar equals 10 m.
(
b
s
cells (Figure 3I) or cortical F-actin accumulation (Figure 2
3G), yet it strongly affected cell migration. Thus, in-
creasing RTK signaling levels, even at the cell cortex,
was not sufficient to perturb guidance and migration. g
l
sCbl Is Required to Maintain Localized
RTK Signaling b
rThe foregoing showed that overall level of RTK activity,
in the cell or at the cell cortex, did not need to be pre- i
pcisely controlled to allow migration. Yet Cbl was appa-
rently required to restrict RTK activity. This prompted 4
qus to ask whether Cbl might affect subcellular localiza-
tion of RTK signaling at a more refined level. The experi- t
cments with Hrs mutants and RTK overexpression sug-ested that total phospho-tyrosine might be used as
ocal indicator of RTK signaling. Many proteins are tyro-
ine-phosphorylated in cells by a number of kinases,
ut the RTKs have a quantitatively significant effect (di-
ect and indirect). Remarkably, wild-type border cells
nitiating migration showed a clear localization of phos-
ho-tyrosine signal to the front (arrowhead in Figure
A). The front is the side facing the direction of subse-
uent migration and the source of the ligands, namely
he oocyte. As border cells migrate as a tight cluster of
ells, several cells contribute to the front. To further testigure 4. Cbl Is Required to Maintain Localized RTK Signaling
A–H) Anti-phospho-tyrosine staining (green) of border cell clusters
t the beginning of migration (early stage 9, anterior left, cells will
igrate to the right). Arrowheads mark leading edge, with elevated
hospho-tyrosine. Asterisk marks polar cells in (A) and (B). Local-
zed signal in the direction of migration in wild-type (A and C) as
ell as upon RTK overexpression (D and E). (B) Delocalized signal
pon uniform expression of strong EGFR ligand, secreted Spitz, in
order cells. Counterstained (red, right panel) with phalloidin in (A),
B), (G), and (H), anti-EGFR (C and D), or anti-PVR (E). Note that the
ain for the red channel is set higher in (C) than in (D) to allow
isualization of the relatively low endogenous receptor levels. In
B), (D), (E), and (H), expression of indicated UAS constructs in bor-
er cells was driven by slbo-Gal4. Delocalized phospho-tyrosine
ignal in Cbl mutant border cells (indicated by lack of the clonal
arker, in blue) (F) or upon expression of dominant-negative shibire
UAS-shiK44A) (H). (G) Polarized phospho-tyrosine signal despite
ells being blocked in migration (2xslbo-eGFPactin-2/2xslbo-
GFPactin-2 (Fulga and Rørth, 2002). Scale bar equals 10 m.
I) Quantification of anti-phospho-tyrosine staining (as in [A]–[H]),
order cell clusters at the onset of migration were scored (early
tage 9); percent polarized (as A) or nonpolarized (as B). n = 49, 24,
6, 28, 41, 39, 34.
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RTKs, a strong EGFR ligand (secreted Spitz) was ex-
pressed in border cells to stimulate the endogenous
receptor uniformly. This resulted in delocalized phos-
pho-tyrosine signal all over the cortex of the border
cells (sSpitz, Figure 4B), and, as expected, a block in
directed migration (70% nonmigrating clusters). This
validated the use of phospho-tyrosine as a reasonable
local readout of endogenous RTK activation.
Endogenous PVR and EGFR were detected at low
uniform levels in border cells (Figure 4C and data not
shown). Overexpression of EGFR or PVR resulted in
high level of receptor throughout the cluster; however,
the phospho-tyrosine signal remained localized (Fig-
ures 4D and 4E). Thus, local activation was maintained
despite RTK overexpression. Consistent with signal lo-
cation being the critical parameter for guidance signal-
ing, directed migration also proceeded normally upon
RTK overexpression (Figure 1F). In contrast, border
cells mutant for Cbl showed a high frequency of delo-
calized phospho-tyrosine signal (Figures 4F and 4I). As
a control, border cells in which migration was blocked
but guidance signaling was not perturbed (2xslbo-
eGFPactin-2, Fulga and Rørth, 2002) showed localized
phospho-tyrosine (Figure 4G). Thus, perturbing migra-
tion does not by itself delocalize the phospho-tyrosine
signal. These results indicate that Cbl is important in
migrating cells because it is required to restrict RTK
signaling spatially within the cell; without Cbl, signaling
becomes delocalized. As Cbl affects RTK endocytosis,
we tested whether perturbing endocytosis more gen-
erally would have the same effect. Expression of a
dominant-negative form of Shibire (dynamin) in border
cells initiating migration also caused efficient delocaliza-
tion of the phospho-tyrosine signal (Figures 4H and 4I).
Sprint Cooperates with Cbl to Regulate EGFR
and PVR Guidance Signaling
The incomplete penetrance of the Cbl phenotype sug-
gested that other molecules might partially compen-
sate for the loss of Cbl. We had indirect evidence that
another potential RTK binding endocytosis regulator
called Sprint might have a role in border cells (Figures
5A and 5B; Szabó et al., 2001). The mammalian coun-
terpart of Sprint, called RIN1, displays Ras-activated
Rab5 guanine nucleotide exchange factor (GEF) activity
and can bind EGFR and stimulate its endocytosis (Bar-
bieri et al., 2003; Han et al., 1997; Tall et al., 2001). RIN1
also binds and activates the Abelson tyrosine kinase.
To analyze the function of Drosophila sprint in vivo, we
generated sprint mutants, including a complete loss-
of-function mutant (Figures 5A and 5C). Despite sprint
being the only rin1-related gene in Drosophila, homozy-
gous sprintmutant flies were completely viable and fer-
tile with normal oogenesis. To determine whether Sprint
might contribute to regulating RTKs during border cell
migration, we challenged the cells by overexpressing
PVR or EGFR in the mutant background. By itself, this
overexpression had no effect on migration (Figure 1F).
In the sprint mutant background, however, RTK overex-
pression resulted in significant migration defects (Fig-
ure 5D) and, as for Cbl mutants, a corresponding in-
crease in delocalized phospho-tyrosine signal (Figure5E). This suggested that Sprint might play a role similar
to Cbl. Sprint might not be essential under normal con-
ditions due to overlap in function with Cbl. To test this
further, we analyzed border cells mutant for both sprint
and Cbl. These cells had very severe migration defects
and rarely reach the oocyte (Figure 5D). For compari-
son, almost half the Cbl single mutant clusters reached
the oocyte (Figure 1D). As sprint had barely any defect
on its own, this strong enhancement of the Cbl pheno-
type is significant. Such a synergistic effect of two null
mutants indicates that the gene products function in
parallel to regulate the same process.
To understand more about how Sprint might function
in vivo, we generated an antibody that detects endoge-
nous Sprint (Figure 5F). In a pattern strikingly similar to
the wild-type polarized phospho-tyrosine signal (Figure
4), endogenous Sprint was detected at the front of bor-
der cells initiating migration (Figure 5G). This is consis-
tent with Sprint being recruited to active RTKs. This
was confirmed by the ability of overexpressed EGFR
or PVR to recruit endogenous Sprint (Figures 5I–5K). In
overexpression experiments, we also found that Sprint
had the characteristics expected from its homology to
RIN1: Sprint bound Ras-GTP recruited Abelson kinase
to the cell cortex and associated with endocytic vesi-
cles (see Supplemental Figure S1 available with this ar-
ticle online). Finally, endogenous Sprint was found to
accumulate at the apical cortex of follicle cells, con-
tacting the oocyte, upon transient block of endocytosis
(shits clones shifted to nonpermissive temperature; Fig-
ure 5H). As endogenous EGFR and PVR ligands come
from the oocyte, this supports the idea that Sprint dy-
namically associated with early endocytosis of RTKs at
the cell cortex. Taken together with the genetic analy-
sis, we conclude that Cbl and Sprint both serve to
maintain RTK signaling localized for guidance, although
they stimulate early endocytosis events in molecularly
unrelated ways.
Direct Binding of Cbl and Sprint to PVR Promotes
Proper Regulation
Regulators such as Cbl and Sprint might be recruited
directly to activated and autophosphorylated RTKs or
might bind indirectly, via phosphorylated adaptor pro-
teins. We set up a yeast two-hybrid assay to detect
possible direct, phosphorylation-dependent binding.
The intracellular domain of PVR was able to autophos-
phorylate in yeast and bind SH2 and PTB domain pro-
teins. We detected binding of both Cbl and Sprint to
PVR, but not a kinase-dead PVR mutant. We then sys-
tematically mutated potential docking tyrosines in PVR
(Figure 6A). Mutation of 16 or 14 (YF14) tyrosines re-
sulted in strong decrease in binding of Cbl and Sprint
(Figure 6B). To map the binding sites, we “added back”
5 tyrosines at a time to the YF14 mutant. Although there
was no overlap in tyrosines, two of the resulting con-
structs (YFa and YFb) regained full binding to Cbl and
Sprint, indicating that both proteins have more than one
direct binding site on PVR. YFc did not bind either Cbl
or Sprint directly and therefore seemed to be a poten-
tially useful tool to study the role of their direct binding
to PVR in vivo.
To determine the signaling potential of each PVR mu-
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trol RTK Signaling and Migration
(A) Schematic of sprint genomic locus and
characterized mutants.
(B) Structure of Sprint proteins (Szabó et
al., 2001).
(C) RT-PCR on total RNA from the indicated
homozygous flies (EP1492 is the progenitor
of sprint6G1). The location of primer-pairs a,
b, and c are indicated in (A). No sprint tran-
script was detected in sprint6G1.
(D) Border cell migration at stage 10 in
sprint6G1/sprint6G1 mutant flies, as well as
slbo-Gal4-driven overexpression of PVR or
EGFR in the sprint mutant background and
sprint, Cbl double mutant clones; n = 326,
223, 227, 33.
(E) Polarization of phospho-tyrosine staining
(scored as in Figure 4) in sprint6G1/sprint6G1
mutant egg chambers; n = 34, 34, 60.
(F–K) Staining with anti-Sprint antibody (red),
for (F)–(H); merged images to the right. Mu-
tant follicle cell clones (cross-section) in (F)
and (H) are marked by the absence of GFP
(green), clone edges are indicated by arrow-
heads, and the oocyte is to the right.
(F) Loss of anti-Sprint staining in sprint6G1
mutant cells.
(G) Wild-type border cells initiating migra-
tion, anterior left, direction of migration right.
Green is phalloidin (F-actin) staining. Arrow-
head indicates the leading edge.
(H) Accumulation of Sprint at the cell cortex
in shits mutant cells at the nonpermissive
temperature. shi encodes dynamin. Sprint
accumulation is highest apically (right side),
toward the oocyte, the source of EGFR and
PVR ligands.
(I–K) Recruitment of endogenous Sprint by
overexpression of PVR or EGFR in wild-type
(I and J) but not sprint mutant cells (K). Over-
expressing cells identified with antibody to
PVR (I and K) or EGFR (J) in green. Images
are optical sections in the plane of the follic-
ular epithelium at stage 10 and overexpres-
sion driven by slbo-Gal4. Scale bars equal
10 m (G and K) or 20 m (F and H).tant in vivo, the mutations were placed in the context n
6of a constitutively active form of PVR (λ-PVR) to induce
full, unregulated activation. The ability to block border a
tcell migration and induce F-actin accumulation was
monitored (see Duchek et al., 2001). The activity of c
tYF14 was strongly reduced, but each add back mutant
(YFa, b, and c) had only slightly reduced activity relative d
eto wild-type despite missing nine potential docking ty-
rosines (Figure 6B). Thus, each of the mutants YFa, 1
gYFb, and YFc was still capable of signaling to affect
migration and guidance when artificially activated. Y
cTo determine whether the YFc mutations affected re-
ceptor regulation, they were placed in the context of i
Yfull-length PVR. From transgenes, PVR and PVR-YFc
were expressed in the ovary at similar levels (Figure n
m6C). As expected, the ability to activate signaling in bor-
der cells (measured by anti-dpERK staining) was quan- i
btitatively reduced in PVR-YFc compared to PVR (Fig-
ures 6D and 6E). This result was confirmed using the r
Psensitive MAP kinase-activated reporter gene kekkon-
lacZ (not shown). However, expression of PVR-YFc but cot PVR caused border cell migration defects (Figure
F). Although the frequency of defects was low, finding
gain-of-function activity at all was significant, given
hat the signaling strength of PVR-YFc was reduced
ompared to PVR. The migration defects were qualita-
ively similar to those of Cbl mutants and distinct from
ominant-negative effects, which even in their strong-
st form cause migration delays but not arrest (Figure
G; Duchek et al., 2001). Uniform expression of the li-
and PVF1 did not further affect the phenotype of PVR-
Fc (Figure 6F), indicating that this form of PVR that
annot bind Cbl and Sprint had already lost its spatial
nformation. Consistent with this, expression of PVR-
Fc also induced a delocalized phospho-tyrosine sig-
al (Figure 6G) at a frequency corresponding to the
igration defects. This analysis of PVR itself further
ndicates that the phenotypes of Cbl and sprint mutant
order cells are due to their effects on RTK signaling:
ecruitment of Cbl and Sprint to PVR serves to regulate
VR guidance signaling, specifically to keep it lo-
alized.
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PVR Is Required for Proper Regulation
(A) Schematic of PVR and the tyrosine to
phenylalanine mutations introduced.
(B) Binding of SH2/PTB domains of Cbl and
Sprint to the complete intracellular domain
of PVR (and indicated mutants) measured by
yeast two-hybrid assay. PI3K-p60 is used as
a control. Lack of binding in PVR-YF14 and
PVR-kinase-dead (KD) shows it is autophos-
phorylation dependent. Below: activity of
PVR mutants in λ-PVR context, measuring
the ability of constitutively activated recep-
tor to block border cell migration (Duchek et
al., 2001).
(C) Western blot of ovary extracts from wild-
type, slbo-Gal4/+;UAS-PVR/+, and slbo-Gal4/+;
UAS-PVR-YFc/+ transgenic females, probed
with anti-PVR antibody.
(D and E) Anti-dpERK staining of early stage
9 border cells and quantification; genotypes
as in (C); 42 < n < 52.
(F) Border cell migration in stage 10 egg
chambers from females carrying slbo-Gal4
and the indicated transgenes. The effect of
PVR-YFc expression is similar to coexpres-
sion of PVR and its ligand, PVF1, and is not
further enhanced by PVF1 coexpression. n >
176 for each genotype.
(G) Delocalized phospho-tyrosine (green)
upon expression of PVR-YFc in border cells
(seen in 25% of egg chambers, n = 57).Discussion
When RTKs are used for guidance, they must elicit spa-
tially resolved, or polarized, signaling within a cell. In
PVR- and EGFR-guided migration of border cells, Cbl
and Sprint are required. Cbl and Sprint interact physi-
cally and genetically with these RTKs and are formally
negative regulators, but the level of RTK signaling was
not critical. Instead, we found that Cbl and Sprint were
required to keep RTK signaling properly localized. To
show this, we used phospho-tyrosine as a read-out of
local RTK signaling. Although this reagent is not uniquely
specific for the active receptor, the visualized effects
of PVR or EGFR overexpression, Hrs mutation, ligand
misexpression, as well as Sprint colocalization vali-
dates its utility in visualizing the high level of local re-
ceptor activity found at the leading edge of migrating
border cells. The requirement for Cbl and Sprint sug-
gested that the cellular activity required for signal re-
striction is receptor endocytosis, which was supported
by experiments with dominant-negative dynamin. Thus,
in this physiological context of guidance by RTKs, re-
ceptor endocytosis serves not to downregulate active
receptors, but to ensure their correct spatial local-
ization.
The proposed role of RTK endocytosis regulators
should be seen in the context of what is already know
about RTK signaling and regulation. Figure 7A shows a
simplified view of RTK activation. Signaling from RTKs
is initiated upon transphosphorylation of activating ty-
rosines and docking tyrosines, the latter generating
binding sites for PTB and SH2 domain proteins. Recep-
tor activation is elicited by binding of activating ligand
but can also occur if two receptor molecules contacteach other productively for other reasons. The likeli-
hood of ligand-independent activation depends on re-
ceptor density, and hence overexpressed receptors
may have ligand-independent activity in addition to re-
sponding more strongly to ligands. Inactivation of re-
ceptors is therefore critical for proper signaling in the
cell. Phosphatases inactivate receptors by catalyzing
the reverse reaction of the activation. Phosphatases are
very abundant in cells and may be constitutively active.
Local inactivation of phosphatases is one mechanism
that can lead to spreading of an initially localized RTK
signal (Reynolds et al., 2003; Verveer et al., 2000). In
addition, signaling can be inactivated by endocytosis,
which leads to degradation of activated receptors,
stimulated by molecules such as Cbl and Sprint/RIN1
(Barbieri et al., 2003; Thien and Langdon, 2001) and at
a later step by Hrs (Raiborg et al., 2002).
Most studies of induced endocytosis, in order to give
maximal experimental resolution, have been done in
tissue culture cells with acute stimulation by high levels
of ligand. In tissues, which have steady and modest
levels of ligand and a complex, multicellular environ-
ment, the role of endocytosis in RTK regulation is less
well understood. For example, EGFR signaling is mildly
increased in Cbl mutant follicle cell clones (Pai et al.,
2000), but so mild that even in Cbl, sprint double mu-
tant follicle cells, there are no detectable changes in
levels of EGFR, PVR, or phospho-tyrosine. However,
the effects on border cell migration are striking. Recep-
tor proteins do turn over in the tissue and at least some
of this turnover is blocked in Hrs mutant cells (Jékely
and Rørth, 2003). However, under physiological condi-
tions in the ovary, the Hrs-dependent degradation is not
dependent on ligand (Jékely and Rørth, 2003) and is
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Figure 7. Illustration of RTK Regulation and Models for the Role of w
Cbl/Sprint L
The intracellular domain of the RTK is indicated in black when in- t
active, in red when active. An activating ligand is shown in blue. a
(A) Activation is dynamic and counteracted by phosphatases.
d(B–D) Models for how Cbl and Sprint (and their activity) affect local-
lization of RTK signaling. See Discussion for details.n
not required for guided migration (this study). Our re- r
sults show that the physiological role of Cbl and Sprint l
in border cell guidance is not to control receptor degra- r
dation and/or to turn off signaling, but instead to keep r
the signal localized. 1
It is becoming appreciated that endocytosis of sig- b
naling receptors is not simply a matter of signal attenu- m
ation and receptor removal. First, it was found that RTK o
endocytosis differentially affected signaling through (
different pathways (Vieira et al., 1996), suggesting on r
one hand that signaling can happen in different com- i
partments and on the other hand that the process of a
endocytosis could be used to differentially regulate sig- g
analing outcomes. For TGF-β signaling, it was subse-uently found that the process of endocytosis actively
rings receptors to internal signaling mediators (Ceresa
nd Schmid, 2000; Seto et al., 2002). We suggest a third
ole for early aspects of receptor endocytosis in signal-
ng, namely to keep active signaling complexes local-
zed in the plane of the membrane. This activity pre-
ents signaling from becoming uniform and therefore
ninformative about the spatial distribution of the
igand.
How do Cbl and Sprint spatially restrict signaling?
hey may prevent signaling from becoming delocalized
y restricting lateral movement of activated receptors
r lateral spread of RTK activation (Verveer et al., 2000).
icrodomains of active RTKs on the plasma membrane
r in endocytic pits could maintain activity (Figure 7B),
hereas they would be inactivated at other places by
biquitous phosphatases. Alternatively, recycling of ac-
ivated receptors to new regions of the cell membrane
ould delocalize signaling (Figure 7C). Normally, this re-
ycling might be prevented by Cbl and Sprint activity
y routing active RTKs to degradation via the proper
ndosome compartment (without requiring Hrs). For
hese two scenarios, however, it is not obvious why phys-
cally blocking endocytosis (Shibire dominant-negative)
hould also delocalize signaling. Shibire/dynamin is a
eneral effector of endocytosis (required for cell viabil-
ty), and interfering with it therefore is a more blunt tool
han manipulating Cbl and Sprint or mutating PVR. But
he effects were unambiguous. This leads us to a third
ypothesis, whereby endocytosis of active RTKs allows
heir redelivery or recycling to regions of higher signal-
ng (Figure 7D). Endocytosis and plasma membrane re-
elivery of active proteins contributes to polarization
n yeast (Valdez-Taubas and Pelham, 2003; Wedlich-
oldner et al., 2003), another case of controlling spatial
nformation. Obviously, further analysis will be needed
o fully explore these cellular mechanisms in vivo. In
ny case, at sufficiently high level of receptor expres-
ion and activation, the regulatory mechanism may col-
apse. Indeed, when EGFR was expressed at extremely
igh levels in border cells, migration and phospho-tyro-
ine staining was perturbed in a manner similar to what
e observed for Cbl mutant clones (data not shown).
ike many regulatory mechanisms, the spatial restric-
ion imposed by Cbl and Sprint works effectively within
certain range of input, emphasizing the need for un-
erstanding the mechanism of regulation at a physio-
ogical range in vivo.
The role of early endocytosis regulators in spatial sig-
al regulation described here is clearly physiologically
elevant. But how general might it be? The regulation is
ikely to be relevant when RTKs are used for spatially
esolved signaling. RTKs can act as canonical guidance
eceptors to detect specific ligands (Burdine et al.,
998; Duchek et al., 2001; Holder and Klein, 1999; Ri-
eiro et al., 2003; Yang et al., 2002). In addition, mam-
alian Cbl is required for integrin-dependent migration
f macrophages and osteoclasts in vitro and in vivo
Chiusaroli et al., 2003; Meng and Lowell, 1998). This
equirement was suggested to reflect an active signal-
ng role of Cbl downstream of integrins, but it could
lso reflect a role for Cbl in localizing signaling analo-
ous to what we have seen in border cells. There is
mple evidence for cross-talk between integrins and
Localization of RTK Guidance Signaling
205RTKs (Giancotti and Tarone, 2003), which in turn are
regulated by Cbl. That RTKs can be activated in the
absence of cognate ligand by high receptor density or
by cross-talk from other pathways such as integrins
might seem at odds with their serving as guidance re-
ceptors. But with effective regulatory mechanisms to
maintain localized signaling, this excitable signaling
system may help migrating cells obtain sufficient sensi-
tivity to read guidance cues over a large dynamic
range.
A key issue in guidance signaling is that migrating
cells must achieve a polarized output despite having to
respond, over a large dynamic range, to subtle concen-
tration differences of an attractant or repellant from one
end of the cell to the other. One way to achieve this is
to amplify the initial signal difference between stimula-
tion of receptors at the front and back of the cell. The
use of PI3 kinase and PTEN phosphatase, two antago-
nistic enzymes that are reciprocally regulated, in Dic-
tyostelium chemotaxis may be an example of this
(Funamoto et al., 2002; Iijima and Devreotes, 2002). Al-
ternatively, guidance cues may simply bias a separate,
preexisting intrinsic polarity in the migrating cells (Ar-
rieumerlou and Meyer, 2005). Finally, guidance signal-
ing and intrinsic polarity may interact dynamically to
reinforce one another during directed migration (Ridley
et al., 2003). The net outcome is a robust difference
between the front and the back of the cell, allowing
migration. It is interesting to consider that RTK endocy-
tosis may also function to enhance the difference be-
tween signaling in the front and back of migratory bor-
der cells. Although we cannot measure the gradient of
RTK ligands around border cells, it is very unlikely to
be as steep as the observed difference in phospho-
tyrosine staining. Enhancement of a signaling dif-
ferential can occur at different levels. Binding of Cbl
and Sprint to activated RTKs and recruitment to mem-
brane subdomains may effectively concentrate acti-
vated receptors. Due to the density dependence and
positive feedback in RTK activation, local activity will
then be increased, whereas global inactivation by
phosphatases could ensure that signaling is reduced
elsewhere. As discussed above, we suggest that spa-
tial organization of signaling may be controlled by en-
docytosis and redelivery of active receptors. Such
active turnover processes can be used as an effective
mechanism to increase signaling differentials within a
cell, leading even to spontaneous, or self-organized,
polarity (Wedlich-Soldner et al., 2003). A distinct cell
front and cell rear and hence short-term productive mi-
gration is often seen in migrating cells even without
perception of localized guidance cues, indicating intrin-
sic polarity. Most migrating cells may need to integrate
intrinsic polarity and external guidance. Using a regula-
tory principle that can produce both intrinsic polarity
and local response to guidance cues would provide an
elegant means to achieve this.
Experimental Procedures
Fly Genetics and Tissue Staining
For tub-Cbl rescue constructs, cDNA encoding Cbl-L or Cbl-S
(Hime et al., 2001) were cloned downstream of an α-tubulin pro-
moter in pCasper4, and transgenic flies were generated. In the ringfinger mutant, Cbl-S was mutated, changing Cys-369 to Ala and
introducing a silent MunI site. For each construct, viability was as-
sayed in tub-Cbl/+;CblF165/CblF165 and border cell migration in
clones from hs-FLP; tub-Cbl/+; CblF165,FRT80B/Ubi-GFP,FRT80B
females.
To generate sprint mutant alleles, EP1487 and EP1492, inserted
upstream of sprint-a and sprint-b (Szabó et al., 2001), respectively,
were mobilized by standard approach. Previous excision screens
suggested that sprint mutants might not be lethal. For >1000 exci-
sion events screened, hemizygous males were screened by PCR
for deletion of sequences flanking the EP insertion sites, followed
by further mapping. Two lines, ex153 and 6G1, were recovered that
carried large deletions within the sprint locus. RT-PCR was per-
formed by standard methods on RNA from homozygous adult flies
using primer pairs for sprint mRNA: GGCTCAATAGTGTCCTGTG
CCGAG and GTGCCACCTCGGCGTAGCG (a); attggcgcgCCTGC
GGTTCATCGCTAATCTGC and ccttcgaaggcctcaatgatgatgatgatgat
GGCAGCTGGAGCGCCAGTCCAGG (b); attggcgcgCCTGCGGTT
CATCGCTAATCTGC and CGCAATGATGCGGCACACTTCAC (c) and
primers for rp49 (control). The sprint b and c primers correspond
to the VPS9 and Ras binding domain, downstream of region de-
leted in sprint6G1. sprint6G1/sprint6G1 was used in Figure 5, but mi-
gration defects were similar in sprint6G1/sprintex153 and were not
present in the control genotype sprint6G1/EP1497. The only obvious
phenotype in sprint mutants was a change in eye color of flies that
carry miniwhite transgenes. Mutations in a number of genes affect-
ing endocytosis give eye color phenotypes.
Mutant border cells were generated by mosaic analysis. In gen-
eral, larvae were heat shocked for 1 hr at 37°C. Ovaries from adult
females of appropriate genotype were dissected 7–10 days later,
fixed in 4% paraformaldehyde, and immunostained using standard
techniques. We scored stage 10 egg chambers in which all border
cells or all outer border cells (excluding polar cells) were mutant.
For Cbl mutant clones, the genotype hs-FLP/+;; CblF165,FRT80B/
Ubi-GFP,FRT80B was analyzed. The CblF165 allele contains a non-
sense mutation at amino acid 116 (Pai et al., 2000). To generate Cbl
mutant border cells overexpressing EGFR or PVR in border cells,
larvae of the following genotypes were used: hs-FLP/+;UAS-EGFR/
slbo-Gal4; CblF165,FRT80B/Ubi-GFP,FRT80B and hs-FLP/+;UAS-
PVR/slbo-Gal4; CblF165,FRT80B/Ubi-GFP,FRT80B. For Cbl, sprint
double mutant border cells, the following genotype was used:
spri6G1/spri6G1,hs-FLP;; CblF165,FRT80B/Ubi-GFP,FRT80B. Cbl mu-
tant were at least 10-fold more difficult to recover in the spri6G1
mutant background, suggesting that the two proteins have partially
overlapping functions during development. For Hrs mutant clones,
larvae of the genotype hs-FLP/+; HrsD28,FRT40A/Ubi-GFP,FRT40A
were heat shocked. The HrsD28 allele contains a nonsense mutation
at the beginning of the UIM at amino acid Q270 (Lloyd et al., 2002).
Clones mutant for both Pvr and Egfr were generated by heat shock
to adult females of the genotype hsFLP/+;Pvr1,FRT42,topf2/
Pvr1,FRT42,ubiGFP,tub-PVR, where Pvr1 is a null mutant for PVR
and tub-PVR is a rescue construct for Pvr, located on 2R (Bruckner
et al., 2004). Clones were scored 3 1/2 to 4 days thereafter. To
generate shibire (dynamin) mutant clones, larvae were heat
shocked and then kept at 18°C (permissive temperature). Females
of the genotypes shi1,FRT18/Ubi-GFP,FRT18; hs-FLP/+ were
moved to 34°C to block shibire function for 150 min and dissected
immediately afterwards in 4% paraformaldehyde.
For Gal4/UAS driven overexpression experiments, flies analyzed
carried one copy of slbo-Gal4 (Rørth et al., 1998), as well as one
copy of the lacZ enhancertrap slbo1310(Montell et al., 1992), except
no slbo1310 when analyzing mutant clones.
When scoring anti-phospho-tyrosine staining in border cells,
early stage 9 egg chambers (onset of migration) were examined by
looking through all optical sections of the border cells at nonsatu-
rating settings to determine if they had polarized staining (high
staining at the front).
All images are confocal sections acquired by sequential scans in
multiple channels.
Antibodies
A fragment encoding the amino acids 1234–1624 of Drosophila
Sprint-b was cloned as PstI-EcoRI into pGEX-4T1 (Pharmacia). The
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206GST fusion protein was expressed in Escherichia coli, purified on A
tglutathione beads, and used as antigens for polyclonal antibody
production in four mice. Specificity of the antibody was confirmed c
fby loss of immunofluorescence staining in clones of sprint6g1 mu-
tant cells. Anti-Slbo is a rat polyclonal antibody raised against puri- l
fied Slbo-o7 (no Opa repeats). An older Slbo antibody was also
used (Montell et al., 1992). All other antibodies have been de- R
scribed previously: antibody against mono- and polyubiquitinated R
proteins (Affiniti clone FK2), anti-PVR (Duchek et al., 2001), anti- A
Dm-DER (Jékely and Rørth, 2003), anti-phospho-Tyrosine (Up- P
state), anti-dpERK (Gabay et al., 1997), anti-Myc (Santa Cruz Bio-
technology), and mouse anti-HA.11 (BabCO). Secondary antibodies R
were from Jackson Immunoresearch Laboratories. Rhodamine-
coupled phalloidin and Dextran (MW 10,000) were from Molecular
AProbes. Western blot was performed by standard analysis using
ctotal ovary extracts; equal loading was checked by Ponceau S
2staining.
B
PGeneration and Analysis of PVR Tyrosine Mutants
iAll tyrosine (Y) to phenylalanine (F) mutants in the PVR intracellular
edomain were generated by site-directed mutagenesis with PCR,
Busing existing restriction sites, introducing silent restriction sites
Por, in three cases, making adjacent conservative substitutions
s(V1010 to A, D1294 to E, and D1329 to E). Residue numbers are
according to Swissprot Q8IPG1. The mutants were sequenced and B
cloned into UAS-λ-PVR (Duchek et al., 2001), and transgenic flies e
were generated by standard transformation procedures. For each b
mutant, several lines were crossed to the slbo-Gal4 driver and 1
tested for dominant effect on border cell migration and F-actin ac- C
cumulation in follicle cells as described (Duchek et al., 2001). Early d
analyses indicated that mutating few tyrosines was not sufficient to
Cchange signaling, suggesting significant overlap between tyrosine
Gdocking functions in vivo. We therefore combined 14 Y to F muta-
ations to generate PVR-YF14, which has significant reduced effects
oon migration and F-actin. Mutating two additional tyrosines in the
Bjuxtamembrane domain (Y815 and Y856) to phenylalanine in the
DYF14 background did not alter the gain-of-function phenotype.
rFrom PVR-YF14 and PVR, the mutants PVR-YFa, YFb, and YFc
Gwere generated by subcloning. PVR-kinase-dead (KD) is point mu-
Stated in a conserved asparagines residue (N1134 to A) in the ki-
nase domain. D
r
1Yeast Two-Hybrid
The complete intracellular parts of PVR and the PVR mutants were D
cloned into the yeast two-hybrid vector pGBKT7 (with Gal4 DNA (
binding domain, Clontech) for use as bait after placing an in-frame r
(Met Ala) NcoI site immediately upstream of R814 in PVR and SalI F
downstream of the translation stop. Tyrosine phosphorylation of b
PVRi but not PVRi-KD in yeast cells was confirmed by Western 7
blot of yeast extracts (anti-phospho-tyrosine antibody). Fragments
Fencoding Cbl (complete PTB domain, amino acids 1–365), Sprint
S(SH2 domain, amino acids 443–619 of Sprint-b), and PI3K-p60 (14
3to C terminus, including SH2) were cloned into pGADT7 or pSE1107
Gvectors (both with Gal4 DNA activation domain) for use as prey.
tEmpty pGBKT7 and pGADT7 vectors were used as negative con-
etrols. As positive control for interaction and additional specificity
controls, we used pGBKT7-p53 (murine p53) pGADT7-T (SV40 large G
T-antigen), from Matchmaker system 3 (Clontech). Transformation t
and analysis in yeast was done according to standard procedures. C
After initial cotransformation, growth on double-selective medium H
(without His and Ade) as well as β-galactosidase expression (Xgal m
plates) was used to evaluate the interaction. n
N
HSupplemental Data (
Supplemental Data include one figure and can be found with this i
article online at http://www.developmentalcell.com/cgi/content/
Hfull/9/2/197/DC1/.
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